Abstract. (Ag 3 AsS 3 ) 0.6 (As 2 S 3 ) 0.4 thin films were deposited upon a quartz substrate by rapid thermal evaporation at temperatures 1050, 1200, and 1350°C. Structural studies of the as-deposited thin films were carried out by scanning electron microscopy and atomic force microscopy. It is shown that the surfaces of all the films were covered with Ag-rich crystalline micrometer sized cones. The optical transmission spectra for as-deposited thin films were studied at room temperature. The absorption spectra in the region of its exponential behaviour were analyzed, the dispersion dependences of refractive index as well as their variation depending on evaporation temperature were investigated.
Introduction
Chalcogenide glasses have been extensively studied in the last several decades. They have shown numerous applications in various areas of science and technology. High photosensitivity of some chalcogenides was used to obtain materials for optical recording [1] . Surface patterns were recorded on the As 2 S 3 film doped with silver [2] . Photo-induced effects have been studied in a rather big part of the papers, involving relatively impressive number of researches. It should be noted that some of such papers were reviewed in Ref. [3] .
Chalcogenides doped with metals demonstrate also interesting electrical properties. Thus, silver ion movements that arise due to electrical voltage inside a chalcogenide amorphous matrix base have been utilized in creation of solid state ionic memory elements [4] . Mass transport, observed in chalcogenide thin films and driven by the electrochemical processes, can be used in solid state electronics and integrated optics with the same success [5] .
Different experimental methods have been used up to date to deposite thin films with a high quality of a bulk structure and a surface. The methods themselves can strongly influence the structure, surface, and physics properties of prepared thin films. Among silvercontaining chalcogenides the thin films of Ag-As-S ternary system have a remarkable place. Thin films in this system, as in many other similar ones, were mostly prepared by a deposition onto the substrates by using vacuum coating techniques, i.e. thermal evaporation, accompanied by a thermally or photo-induced dissolution of silver in As 2 S 3 matrix [6, 7] or pulse laser deposition (PLD) [8] . A rather new method used is spincoating technique [9, 10] . By the means of the PLD technique a potentiometric thin film sensor can be realized on the basis of chalcogenide glasses (in particular Ag-As-S) [11] . Recently, we have reported about structure [12] , electrical conductivity [13] , and optical absorption [14] in superionic Ag 3 AsS 3 -As 2 S 3 glasses and composites. In this paper, we study the deposition technology of (Ag 3 AsS 3 ) 0.6 (As 2 S 3 ) 0.4 thin films and influence of the evaporation temperature on its structural and optical properties which includes scanning electron microscopy (SEM) and atomic force microscopy (AFM) as well as the spectroscopic investigations of transmission and absorption spectra, refractive indices and their dispersion curves due to the change of evaporation temperature.
Experimental
Synthesis of (Ag 3 AsS 3 ) 0.6 (As 2 S 3 ) 0.4 composite material (that consists of crystalline Ag 3 AsS 3 and glassy As 2 S 3 [13] ) was carried out at a temperature of 700°C for 24 h with subsequent melt homogenization for 72 h. (Ag 3 AsS 3 ) 0.6 (As 2 S 3 ) 0.4 thin films were prepared by rapid thermal evaporation from the corresponding composite material at temperatures 1050, 1200 and 1350°C in vacuum (310 -3 Pa) by using a VU-2M setup. The composite material was initially placed in a tantalum evaporator, perforated for preventing the material falling out, on a glass substrate kept at room temperature. The film thickness was measured using an Ambios XP-1 profile meter. Structural properties of the thin films under investigation were studied using SEM (Hitachi S-4300) and AFM (Nanoscope 3100). Energy-dispersive X-ray spectroscopy (EDX) was used to ensure the thin film chemical composition. Optical transmission spectra of the thin films were studied at room temperature by using the MDR-3 grating monochromator. Based on the interference transmission spectra, the spectral dependences of optical absorption coefficient as well as refractive index dispersion dependences were obtained [15] .
Results and discussion
SEM and AFM images that characterize the surface of (Ag 3 AsS 3 ) 0.6 (As 2 S 3 ) 0.4 thin films are given in Figs 1 and 2. It is shown the presence of cones on the top of a freshly evaporated thin film surface, which remind the whiskers, discovered rather long ago [16] . The number of cones increases with evaporation temperature increase and the average density of the cones at the surface of the thin film deposited at evaporation temperature 1350°C equals approximately 14×10 3 per mm 2 . The average height of the cones is found to be 2.5 µm which is well seen from the AFM image in Fig. 2c , and it is also confirmed by the profile meter. As estimated by the profile meter, the thicknesses of the base film layer are listed in Table. Meanwhile, the average base diameter of the cones is about 2 µm. This value is in good agreement with the detailed SEM study of the film under investigation. The average aspect ratio (height over diameter) of the cones was estimated and found to be 1.2.
EDX technique enabled us to ensure the composition of thin films, deposited at different evaporation temperatures. It is shown that at the evaporation temperature 1050°C thin film contains less amount of Ag (nearly 5 times), greater amount of As (more than 2 times) and approximately the same amount of S in comparison with initial material of composite (Table) . With evaporation temperature increase to 1200°C, the content of Ag slightly grows whereas the content of S slightly decreases. The most close to Ag content is composition of thin film deposited at 1350°C since it is As-enriched and has a deficiency of sulphur percentage in comparison with the initial bulk composite, as follows in Table. Simultaneously, the local EDX analysis estimated an excess of silver in the atomic composition of the cones (62.8%). The presence of small amounts of arsenic (18%) and sulphur (19.2%) in the cones shown by the EDX can be explained by the fact that the minimum estimation area covers not only the cone itself, but some part of the base film as well. An excess of silver in the EDX results on cones enable us to ascribe the cones, observed in (Ag 3 AsS 3 ) 0.6 (As 2 S 3 ) 0.4 thin film, to silver crystals or crystalline Ag-rich structures. 3 shows the optical transmission spectra of (Ag 3 AsS 3 ) 0.6 (As 2 S 3 ) 0.4 thin films deposited at temperatures 1050, 1200 and 1350°C. One can observe decrease of transmission by almost 20% as well as the transmission onset shifts towards longer wavelengths with evaporation temperature increase. Besides, with evaporation temperature increase the spectra of the asdeposited films at the onset of transmission are seen to be more smeared. This fact is characteristic for a structural disordering that occurs in the film structure as a consequence of evaporation temperature increase. Fig. 4 presents the absorption edge spectra of the asdeposited (Ag 3 AsS 3 ) 0.6 (As 2 S 3 ) 0.4 thin films in the range of their exponential behaviour. It should be noted that two spectral regions can be taken into consideration in amorphous films at the fundamental absorption edge at high absorption levels -the Tauc region and exponential one [17] . In this case, both the Tauc gap ), characterizing the exponential part of the absorption edge, were used. In our case we used the (Table) .
It is seen from Fig. 4 that the optical absorption edge spectra in the range of their exponential behaviour in the thin films under investigation can be fitted by Eq. [19] 
where E U is the Urbach energy (a reciprocal of the absorption edge slope ) ( / ) (ln
E are the convergence point coordinates of the Urbach bundle. It should be noted that the Urbach energy E U characterizes the smearing of optical absorption edge (in fact the E U is a degree of the system disordering). It was shown in Ref. [20] that both temperature and structural disordering affect the absorption edge shape in amorphous materials, i.e. the Urbach energy E U is described by equation
where T E ) ( U and X E ) ( U are the contributions of temperature disordering and structural disordering to E U , respectively. The temperature disordering arises due to the thermal vibrations of atoms and structural elements. The structural disordering in amorphous materials is related to the absence of long-range order, the presence of structural inhomogeneities, i.e. defects, pores, etc. It should be noted that with evaporation temperature increase from 1050 to1350°C the value of E U increases by 229 meV and for thin film deposited at temperature 1350°C it is equal 457 meV (Table) . The highest value of E U and correspondingly the highest degree of structural disordering for the thin film deposited at 1350°C are caused by the presence of high amounts of such structural defects as the cones on their surface.
The dispersion dependences of the refractive index for the as-deposited thin films were obtained from the interference transmission spectra (Fig. 5) . The slight dispersion of the refractive index is observed in the transparency region while it increases when approaching to the optical absorption edge region. It is shown that with evaporation temperature increase from 1050 to1350°C the refractive index increases by 24.8% and for thin film deposited at temperature 1350°C it is equal 3.085 (Table) .
Conclusions
(Ag 3 AsS 3 ) 0.6 (As 2 S 3 ) 0.4 thin films were prepared using the rapid thermal evaporation at temperatures 1050, 1200 and 1350°C. SEM and AFM imaging of the thin films revealed numerous micrometer-sized cones on their surfaces, number of which increased with evaporation temperature grow. The EDX analysis showed an excess of silver in the obtained cones, which enabled us to ascribe the last one to the cones. The composition of thin film deposited at 1350°C has Ag content most close to initial bulk since it is As-enriched and have a deficiency of sulphur.
The optical transmission spectra of thin films have shown the decrease of transmission by almost 20%, the transmission onset shifts towards longer wavelengths and smeared with evaporation temperature increase. The spectral dependences of the absorption coefficient as well as dispersion dependences of the refractive index were derived from the spectrometric studies of interference transmission spectra. In the range of the exponential behaviour of the optical absorption edge, the energy position of exponential absorption edge 
